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and Effector T Cells
ligands B7.1 and B7.2 expressed on professional APCs
(Lenschow et al., 1996).
The requirement for a prolonged stimulation (at least
a few hours) to reach T cell commitment has long been
recognized as essential for T cell activation by mitogens
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Switzerland (Weiss et al., 1987) and more recently by antigen (Valitutti
et al., 1995a). However, it has not been clear how the
duration of signaling might be related to other parame-
ters, such as antigen dose, costimulation, and thenatureSummary
of the responding T cell.
It is well known that the priming of naive T cells andIt is known that T cells engage antigen-presenting
the activation of effector or memory T cells are twocells (APCs) in a stable interaction that results in sus-
distinct events in the immune response that occur intained TCR signaling. We show here that the duration
different anatomical sites and involve different APCsof this process is critical in determining whether T
(Steinman, 1991; Ahmed and Gray, 1996; Zinkernagel etcells will be activated or deleted. Whereas naive T cells
al., 1996; Sprent, 1997). Several studies have shown thatrequire approximately 20 hr of sustained signaling to
naive T cells require higher concentrations of antigenbe committed to proliferation, effector T cells become
and are more dependent on costimulation than effectorcommitted after only 1 hr but die following activation
or memory T cells (Demotz et al., 1990; Harding andif antigenic stimulation is prolonged. Costimulation by
Unanue, 1990; Horgan et al., 1990; Van Seventer et al.,anti-CD28 facilitates T cell activation by decreasing
1990; Sagerstrom et al., 1993; Croft et al., 1994; Dubeythe time of commitment and by protecting T cells from
et al., 1996; Pihlgren et al., 1996; Cai et al., 1997). It hasdeath. These findings explain in quantitative terms the
been suggested that this difference in behavior mightessential requirement for professional APCs in T cell
be related to the expression on effector or memory Tpriming and show that the duration of antigenic stimu-
cells of increased levels of adhesion molecules and dif-lation is the major factor determining the fate of naive
ferent CD45 isoforms, which may facilitate TCR engage-and effector T cells.
ment and signaling (Merkenschlager et al., 1988; Dian-
zani et al., 1990; Robinson et al., 1993; Ericsson et al.,Introduction
1996). On the other hand, effector T cells have been
shown to undergo activation-induced cell death whenThe formation of conjugates between T cells and anti-
stimulated with high doses of antigen (Lenardo, 1991;gen-presenting cells (APCs) is the first essential step in
Critchfield et al., 1994; Van Parijs et al., 1996).the process of T cell activation by antigen. Adhesion
We show here that the duration of antigenic stimula-molecules have been shown to promote cell±cell adhe-
tion is one of the most crucial parameters that deter-sion and to respond to signaling via T cell receptor
mines whether naive or effector T cells will be activated(TCR) by further strengthening this interaction (Springer,
or deleted. Whereas naive T cells require sustained sig-1990; Kolanus et al., 1996). At the level of the T±APC
naling for approximately 20 hr, effector T cells becomesynapse, a large number of TCRs can be serially en-
committed after only 1 hr but die if antigenic stimulationgaged, triggered, and down-regulated by a few specific
is prolonged. Costimulation facilitates T cell activationpeptide±major histocompatibility complex (MHC) com-
by decreasing the time of commitmentand by protectingplexes (Valitutti et al., 1995b). This process of serial TCR
T cells from death. These findings explain in quantitativetriggering results in the generation and maintenance of
terms the relative contribution of adhesion and costimu-a sustained level of second messengers that is required
latory molecules to T cell activation and show that theto initiate and maintain transcription at specific loci. For
duration of antigenic stimulation is the major factor de-instance, it has been shown that NF-AT (nuclear factor
termining the fate of naive and effector T cells.of activated T cells) rapidly translocates to the nucleus
in response to an increase in intracellular calcium con-
centration and rapidly shuttles back when the level of Results
calcium returns to baseline (Timmerman et al., 1996).
Procedures that interfere with the process of TCR serial Similar Levels of TCR Engagement but Different
triggering, such as addition of antibodies to the target Responsiveness of Naive and Effector
MHC molecules, dissociation of the APC, and removal T Cells to Different Types of APCs
of the antigen, result in a termination of signaling within To investigate the requirements for the activation of
a few minutes (Valitutti et al., 1995a; Beeson et al., 1996). naive and effector T cells, we used T cells from RAG2-
The signaling emanating from the triggered TCRs is deficient TCR transgenic mice specific for the influenza
greatly enhanced when costimulatory molecules such hemagglutinin (HA) 110-119 peptide in the context of
as CD28 are simultaneously engaged by the cognate I-Ed (Kirberg et al., 1994). We compared naive lymph
node T cells and effector T cells expanded in vitro with
interleukin-2 (IL-2) for their capacity to proliferate in re-*To whom correspondence should be addressed (e-mail: lanzavec
chia@bii.ch). sponse to various concentrations of peptide presented
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Figure 2. Costimulation Does Not Affect TCR Engagement but In-
creases the Proliferative Response and Allows Naive T Cells to
Respond to Lower Doses of Antigen
Naive T cells (A±C) and effector T cells (D±F) were cultured in wells
coated with various concentrations of I-Ed±HA110-119 complexes
Figure 1. Naive and Effector T Cells Show Comparable Capacity to in the absence (open symbols) or in the presence (filled symbols)
Engage TCRs but Differ in Their Capacity to Respond to Different of anti-CD28. (A and D) TCR down-regulation after 5 hr. (B and E)
Types of APCs CD69 expression after 5 hr. (C and F) Thymidine incorporation after
48 hr. The results are from one representative experiment out of six.Naive T cells (open symbols) and T cell blasts (filled symbols) were
stimulated with various concentrations of HA110-119 in the pres-
ence of different APCs. (A±F) Thymidine incorporation after 48 hr. capacity (Figures 1G and 1H). These results demon-
(G and H) TCR down-regulation after 5 hr. The APCs were dendritic strate that naive and effector T cells have the same
cells (A), A20 B lymphoma cells (B), LPS blasts (C and G), spleen cells
ability to engage TCRs with peptide±MHC complexes,(D), I-Ed±transfected fibroblasts (E), and I-Ed±transfected Drosophila
irrespective of the costimulatory or adhesive capacitycells (F and H). The results are from one representative experiment
of the APC. Thus, the lower responsiveness of naive Tout of five. Comparable levels of TCR down-regulation were ob-
served for naive and effector T cells using all APC types. cells to antigen presented by nonprofessional APCs is
due not to a lower level of TCR engagement but rather
to a reduced capacity of naive T cells to transduce acti-by different APCs (Figures 1A±1F). Naive and effector T
vatory signals from triggered TCRs in the absence ofcells showed similar dose response curves when anti-
costimulation.gen was presented by professional APCs, such as den-
dritic cells or the B cell lymphoma A20. However, when
Costimulation by CD28 Increases T CellAPCs with decreased costimulatory capacity were used,
Responsiveness without Affecting
proliferation of naive T cells required increasingly higher TCR Engagement
peptide concentrations compared with T cell blasts
To quantitate and confirm the relative contribution of
(i.e., z103 with spleen cells or lipopolysaccharide [LPS] TCR engagement and costimulation, we cultured naive
blasts and z1003 with I-Ed±transfected fibroblasts). T cells with different concentrations of plastic-bound
When I-Ed±transfected Drosophila cells were used as I-Ed±HA100-119 complexes in the presence or absence
APCs, T cell blasts proliferated at low peptide doses, of anti-CD28 antibody as a source of costimulus (Figures
whereas naive T cells gave only a negligible response 2A±2C). The extent of TCR down-regulation induced by
even at 10003 higher peptide concentrations (Figure different doses of complexes was not affected by the
1F). At these antigen doses, however, naive T cells presence or absence of anti-CD28. However, in the ab-
readily up-regulated the early activation marker CD69 sence of anti-CD28, low levels of CD69 expression and
(data not shown). thymidine incorporation were induced only at the high-
To understand the reason for the lower capacity of est doses of complexes, which resulted in up to 90%
nonprofessional APCs for triggering naive T cells, we down-regulation of the TCR level. In contrast, in the
measured TCR down-regulation as an estimate of the presence of anti-CD28, naive T cells responded with
number of TCRs triggered under the same conditions strong up-regulation of CD69 and thymidine incorpora-
(Valitutti et al., 1995b). The dose response curve of TCR tion at approximately 100-fold lower doses of com-
down-regulation was comparable in naive and effector T plexes, when the level of TCR down-regulation was
hardly measurable.cells challenged by APCs with high or low costimulatory
T Cell Fate Determined by Duration of Signaling
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When effector T cells were stimulated under the same
conditions (Figures 2D±2F), CD69 up-regulation and
thymidine incorporation were observed at low complex
doses both in the absence and in the presence of anti-
CD28. However, the magnitude of the proliferative
response was very low in the absence and was dramati-
cally increased in the presence of anti-CD28. We con-
clude that costimulation does not affect the extent of
TCR triggering, but it increases the proliferative re-
sponses and allows naive T cells to respond to lower
levels of TCR occupancy.
A Prolonged Antigenic Stimulation Is Required
for Activation of Naive T Cells but Is
Detrimental for Effector T Cells
To understand the basis for the different behavior of
naive and effector T cells, we investigated whether the
duration of signaling might determine the different re-
sponses. We exposed T cells to high or low doses of
plastic-bound complexes in the presence or absence
of anti-CD28 and transferred the cells to uncoated wells
after different times of incubation to remove the stimu-
lus, thus terminating TCR engagement and signaling
(Valitutti et al., 1995a; Beeson et al., 1996).
As shown in Figure 3A, naive T cells stimulated with
high doses of antigen and costimulation for 10 hr were
not yet committed, in spite of having down-regulated
approximately 90% of their TCRs (Figure 3E), but be-
came committed only after 15±20 hr. In the absence of
costimulation, a much weaker response was elicited
Figure 3. The Time of Commitment to Proliferation Is Much Longerafter only 40 hr of stimulation. Finally, naive T cellsstimu-
in Naive thanin Effector T Cells and Is Influenced by Antigen Concen-
lated with low doses of complexes became committed tration and Costimulation
to proliferation only in the presence of costimulation and Naive T cells (A, B, and E) and T cell blasts (C, D, and F) were
only after 30 hr (Figure 3B). cultured in wells coated with IEd±HA110-119 complexes at 10 mg/
Remarkably, when effector T cells were stimulated ml (A, C, E, and F) or 0.1 mg/ml (B and D) in the absence (open
circles) or in the presence (filled circles) of anti-CD28. At the timesunder the same conditions, commitment was reached
indicated, the cells were transferred to uncoated wells to terminatevery rapidly, within approximately 1 hr of exposure, and
signaling. (A±D) Thymidine incorporation measured by pulsing afterthe kinetics were not substantially affected by the co-
48 hr of total culture. (E and F) TCR down-regulation measured atstimulation even at low antigen doses (Figures 3C and
different times after stimulation. The results are from one represen-
3D). Strikingly, continuous exposure to peptide±MHC tative experiment out of ten.
complexes for more than 12 hr resulted in an almost
complete inhibition of proliferation, this effect being par-
ticularly evident at high antigen doses and in the ab-
that IL-2 production and IL-2 responsiveness might be
sence of costimulation. These results demonstrate that
limiting for naive T cells. As shown in Figure 5A, evennaive and effector T cells differ in the time required
in the presence of high concentrations of exogenousfor commitment to proliferation and that this time is
IL-2 and anti-CD28, naive T cells still required at leastshortened by providing costimulation or, to a lesser ex-
6 hr of stimulation tobecome committed, demonstratingtent, by increasing the antigen dose.
that IL-2 production is not the limiting factor. Rather,Importantly, similar differences in times of commit-
the longer time of commitment was correlated with ament and dependence on costimulation were detected
slow expression of the IL-2 receptor (IL-2R) a chain thatwhen T cells were stimulated by live APCs (Figure 4).
appeared only after 6 hr of stimulation in naive T cellsNaive T cells conjugated with A20 cells or fibroblasts
(Figure 5B). In contrast, effector T cells showed a rapidloaded with high doses of peptide became committed
and marked up-regulation of IL-2R a chain, concomitantafter 6 and 24 hr, respectively, whereas under the same
with a rapid commitment to proliferation (Figures 5Cconditions T cell blasts required only approximately 15
and 5D). These results suggest that the requirement formin and 1 hr. At low peptide doses, naive T cells became
a sustained signal reflects a high time threshold for thecommitted only in the presence of A20 and only after
induction of IL-2R a chain expression in naive T cells.24 hr, whereas T cells blasts responded within 2 and
6 hr.
Prolonged Stimulation of Effector Cells Results
in Cell Death, which Is Partially PreventedThe Different Rates of Commitment of Naive
by Signaling through CD28and Effector T Cells Correlate with the Kinetics
To investigate the reason for the failure of prolongedof IL-2 Receptor a Chain Expression
stimulation to trigger effector T cells, we stimulated ef-To find a possible explanation for the different behavior
of naive and effector cells, we considered the possibility fector cells for 3 hr with high doses of plastic-bound
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Figure 5. Up-Regulation of IL-2R a Chain Rather than IL-2 Produc-
tion Appears to be a Limiting Factor for Activation of Naive T Cells
(A and C) Duration of antigenic stimulation required for commitment
of naive (A) and effector T cells (C) stimulated with IEd±HA110-119
complexes at 10 mg/ml alone (open squares) or in the presence of
100 U/ml human recombinant IL-2 (open circles), anti-CD28 (filled
squares), or IL-2 plus anti-CD28 (filled circles). (B and D) Kinetics
of IL-2R a chain up-regulation in naive (B) and effector T cells (D)
stimulated for different times with 10 mg/ml complexes in the ab-
sence (open squares) or in the presence (filled squares) of anti-
CD28. The results are from one representative experiment out of
three.
Figure 4. Time of Commitment as a Function of APC Type and
Antigen Dose shown to play a role in determining the outcome of the
Naive T cells (A and B) and T cell blasts (C and D) were conjugated T cell response, such as the activation state of T cells,
with A20 cells (hatched bars) or I-Ed±transfected fibroblasts (filled the dose of antigen, and the presence or absence of
bars) pulsed with 100 mg/ml (A and C) or 1 mg/ml (B and D) HA110- costimulation. However, the complexity of the molecular
119 peptide. At the times indicated, the conjugates were disrupted;
interaction of T cell±APC interface makes it difficult tothe APCs were removed by cell sorting; and the T cells were recul-
analyze the relative contribution of these factors to thetured in the absence of APC. Thymidine incorporation was measured
after 48 hr. The results are from one representative experiment out final outcome. We now demonstrate that a critical pa-
of three. rameter that determines the fate of T cells is the duration
of antigenic stimulation. Previous studies have indeed
pointed out the importance of a sustained signal for Tcomplexes to achieve full commitment and transferred
the cells for the remaining culture period either to un- cell commitment (Cantrell and Smith, 1984; Weiss et al.,
1987), but the relationship between the duration of thiscoated wells or to wells coated with increasing doses
of complexes. As shown in Figure 6, effector T cells signal and the functional outcome for different types of
responding T cells had not been investigated.proliferated vigorously when transferred to uncoated
wells but showed a dose-dependent decrease of the By precisely controlling the duration of exposure to
the antigen, we have now shown that naive T cellsproliferative response when recultured in the presence
of the antigen. This inhibitory effect was less marked if require a prolonged antigenic stimulation for approxi-
mately 20 hr to become committed to proliferation,costimulation was provided both in the first and in the
second culture. whereas effector T cells become committed in only
approximately 1 hour but undergo activation-inducedStaining of the cells with annexin-V revealed a dose-
dependent increase in the percentage of cells undergo- cell death if stimulation is prolonged. Although the dura-
tion of antigenic stimulation represents the most crucialing apoptosis. In addition, the decreased proliferative
response was partially reverted by supplementing the parameter that determines the fate of naive and effector
T cells, the dose of antigen and the costimulus also playcultures with a peptide inhibitor of caspases (data not
shown). We conclude that activation-induced cell death an important role. High levels of antigen and costimula-
tion shorten the commitment time required by naive Tby apoptosis is induced in effector T cells by antigenic
stimulation prolonged beyond an optimal time of com- cells. However, even under optimal stimulatory condi-
tions the difference of commitment times between naivemitment.
and effector T cells remains at least 20-fold. Further-
more, in the case of effector T cells, high antigen doseDiscussion
increases the extent of activation-induced cell death,
whereas costimulation decreases it.Duration of Signaling Determines
the Fate of T Cells Previous work has demonstrated that a large fraction
of TCRs is rapidly triggered and down-regulated soonThe interaction between T cells and APCs can result in
T cell activation or deletion. Different factors have been after conjugate formation, until a plateau is reached after
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shown that different levels (5% vs. 25%) of TCR occu-
pancy are required to activate human T cell clones in
the presence or absence of costimulation, using Ep-
stein-Barr virus Bcells as APCs (Viola and Lanzavecchia,
1996). Here, we report that in conditions of total lack
of costimulation, such as peptide±MHC complexes on
plastic or peptide-pulsed Drosophila cells, we cannot
detect T cell activation even in thepresence of a maximal
TCR engagement. However, if costimulation is provided,
a very low level of TCR engagement is sufficient. These,
as well as similar findings with CD8 T cells (Cai et al.,
1997), are compatible with the notion that CD28, al-
though not affecting TCR down-regulation, can effec-Figure 6. Dose-Dependent Inhibition of T Cell Proliferation by Pro-
tively increase the coupling of the triggered TCRs to thelonged Antigenic Stimulation
signal transduction machinery. In addition, costimula-T cell blasts were cultured in wells coated with 10 mg/ml
tion clearly protects effector T cells from activation-IEd±HA110-119 complexes in the absence (squares) or in the pres-
ence (circles) of anti-CD28. After 3 hr the cells were transferred to induced cell death, a finding that could be explained by
wells that wereeither uncoated or coated with increasing concentra- increased expression of Bcl-xL (Boise et al., 1995). Thus,
tions of complexes in the absence (open symbols) or in the presence adhesion and costimulation together facilitate T cellacti-
(filled symbols) of anti-CD28. Thymidine incorporation was mea-
vation, first by stabilizing the T±APC interaction that issured by pulsing after 48 hr of total culture. The results are from
crucial for naive T cells having long commitment timesone representative experiment out of four.
and second by increasing the strength of signaling and
by protecting from cell death.
4±6 hr (Valitutti et al., 1995b). The need for much longer
stimulation with antigen to obtain a given biological re- Differential Requirements for Activation
sponse (commitment of naive T cells or apoptosis of of Naive and Effector T Cells
effector T cells) implies that the process of serial TCR Although previous work has shown that T cells require
triggering continues even in the presence of constant a sustained signal to reach commitment to proliferation
levels of TCR. These levels may indeed represent a (Cantrell and Smith, 1984; Weiss et al., 1987; Crabtree,
steady state where the rate of TCR down-regulation is 1989), the striking difference in the time of commitment
balanced by the rate of the synthesis. Accordingly, the between naive and effector cells has not been appreci-
initial rate of TCR down-regulation will mainly reflect ated. The reason for this difference in behavior remains
the dose of antigen, whereas at later time points the unclear. It is possible that the long duration of signaling
signaling will be sustained at an almost constant rate is needed by naive T cells to accumulate second mes-
as long as cell±cell adhesion is maintained. Thus, in- sengers up to a threshold where commitment takes
creasing the antigen concentration can induce a much place. It is also possible that the long duration of signal-
stronger TCR down-regulation and initial signaling but ing required by naive T cells reflects a metabolic event,
will have only a slight effect on the duration of the signal- such as the remodeling of chromatin around certain
ing process. genes whose products are necessary for commitment.
Indeed, it has been shown that, following activation, T
cell chromatin can undergo structural changes that re-Contribution of Adhesion and Costimulatory
Molecules to T Cell Activation sult in increased accessibility of transcriptional starting
sites of IL-2 and IL-2R loci (Siebenlist et al., 1986; Sol-Effector or memory T cells are known to express higher
levels of adhesion molecules than naive T cells, a feature daini et al., 1995). However, IL-2 does not appear to be
a limiting factor, because in the presence of exogenousthat has been correlated with the higher capacity of
effector cells to respond to low doses of antigen even IL-2, naive T cells still have a long commitment time,
approximately 6 hr. Rather, the longduration of signalingon nonprofessional APCs. It has been suggested that
adhesion molecules may facilitate TCR engagement and required for commitment of naive cells correlates with
the slow kinetics of IL-2R expression, which is up-regu-triggering. Our results, however, do not support this
concept, because in the initial phase of T±APC interac- lated only after 6 hr of antigenic stimulation. Conversely,
effector T cells may produce second messengers intion, naive and effector T cells show the same capacity
to engage and down-regulate TCR in the presence of higher amounts than naive T cells, or their chromatin
may be already accessible to transcription factors, thusboth professional and nonprofessional APCs. In con-
trast, our results suggest that adhesion molecules play explaining how they may become more readily com-
mitted.an essential role in stabilizing T cell±APC conjugates,
thus allowing the sustained interaction required for com- Besides having a short time of commitment, effector
T cells also show a propensity to undergo apoptosismitment.
It is known that costimulation via CD28, although to when the duration of signaling is prolonged beyond the
optimal time of commitment. Previous work has demon-some extent dispensable, can dramatically enhance the
response of naive T cells to low doses of antigen and strated that activated T cells exposed to IL-2 are prone
to undergo apoptosis when stimulated with high dosescan prevent the induction of T cell anergy and death
(reviewed by Lenschow et al., 1996). Indeed, it has been of antigen, a phenomenon mediated by expression of
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104 T cells were cultured with APCs (2 3 104 in the case of cell linesFas and tumor necrosis factor a (Lenardo, 1991; Critch-
and LPS blasts or 105 in the case of spleen cells) in 200 ml offield et al., 1994; Van Parijs et al., 1996). In light of our
RPMI±10% fetal calf serum in flat-bottomed microplates. After 48results, what seems to be important in inducing
hr, [3H]thymidine (1 mCi/well) was added, and the plates were har-
apoptosis of effector T cells is not the concentration of vested 8 hr later. In some experiments, peptide-pulsed APCs were
antigen but rather the duration of antigenic stimulation. labeled for 15 min with the green fluorescent dye 29,7-bis-(carboxy-
ethyl)-5(69)-carboxyfluorescein at 1 mM (BCECF-AM, Calbiochem).A major consequence of costimulation is the protection
APCs (2 3 105) were plated with T cells at a 1:1 ratio in flat-bottomedof effector T cells from apoptosis, an effect that may be
microplates, and the plates were centrifuged to allow the immediaterelated to the up-regulation of protective genes such as
formation of conjugates. After various times at 378C, the conjugatesBcl-xL (Boise et al., 1995). were disrupted by resuspending the cells in phosphate-buffered
saline with 0.5 mM EDTA, and the APCs were removed by sorting
Implication for the Regulation on a FACSvantage (Becton-Dickinson). The sorted T cells were re-
cultured in flat-bottomed microplates at 2 3 104/well until the totalof the Immune Response
time of culture reached 48 hr. [3H]Thymidine (1 mCi/well) was added,Our results have clear implications for understanding
and the plates were harvested 8 hr later.the mechanism that regulates priming and clonal size
of antigen-specific T cells. The long time of commitment
T Cell Stimulation with I-Ed±HA110-119required by naive T cells determines the requirement for
Complexes on Plastic
professional APCs that have high levels both of adhe- Soluble I-Ed±HA110-119 complexes were obtained as described
sion molecules that allow them to form stable clusters (Wallny et al., 1995). Flat-bottomed MaxiSorp surface microplates
and of costimulatory molecules that, by lowering the (Nunc) were coated with various concentrations of complexes in
the presence of 10 mg/ml anti-CD28 (Pharmingen) or irrelevant anti-time required for commitment, increase the possibility
body. T cells (2 3 104) were cultured at 378C for 48 hr in 200 ml ofthat this time threshold is reached. In contrast, non-
RPMI±10% fetal calf serum supplemented where indicated with 100professional APCs are less adhesive and therefore
U/ml human recombinant IL-2. In some experiments the plates were
may engage naive T cells only transiently. In addition, centrifuged immediately after setup to synchronize T cell stimula-
they lack costimulation, a characteristic that further in- tion. At different times the cells were transferred to uncoated culture
creases the requirement for longer contact times and plates to terminate the stimulation or to culture plates coated with
different doses of antigen and left in culture until a total time oftherefore lowers the likelihood that the long time thresh-
48 hr was reached. [3H]Thymidine incorporation was measured asold required by naive T cells is reached. Conversely, the
described above.short time of commitment required by effector T cells
decreases the requirements for adhesion and costimula-
Antibodies and Reagentstion, allowing them to interact productively with nonpro-
FITC-conjugated anticlonotypic monoclonal antibody (mAb) 6.5
fessional APCs as well. In this case, prolonged stimula- (Kirberg et al., 1994) was used to detect the TCR level. CD69 and
tion has a negative effect that may explain the rapid CD25 expression was determined by, respectively, FITC-conjugated
exhaustion of effector T cells by massive antigenic stim- anti-CD69 (Pharmingen) and FITC-conjugated anti-CD25 (Pharmin-
gen) mAbs. For detection of apoptosis, FITC-conjugated annexin-Vulation in vivo (Moskophidis et al., 1993).
(R&D Systems) was used. As an inhibitor of caspases, the peptide
z-VAD-fmk (Bachem) was used at 50 mM (final concentration).Experimental Procedures
TCR Down-RegulationMice
TCR down-regulation was measured as described (Valitutti et al.,Homozygous RAG2-deficient mice carrying an I-Ed±restricted TCR
1995b). In brief, APCs were labeled with the red fluorescent dyespecific for the influenza HA110-119 peptide (SFERFEIFPK) have
PKH26-GL (Sigma) and pulsed with various concentrations of pep-been described (Kirberg et al., 1994). The mice were bred and main-
tide. T cells were incubated with APC at a 1:2 ratio at 378C in round-tained in our animal facility.
bottomed microplates or alone in flat-bottomed microplates coated
with I-Ed±HA110-119 complexes. The TCR levels were determinedNaive and Effector T Cells
after 5 hr or at different times by staining with the FITC-conjugatedLymph nodes were obtained from 6- to 10-week-old mice. Single-
anticlonotypic mAb 6.5 (Kirberg et al., 1994). CD69 expression wascell suspensions were stained with anti-I-Ad (TIB229, ATCC) and
determined after 5 hr using FITC-conjugated anti-CD69 (Phar-anti-B220 (TIB146, ATCC), followed by phycoerythrin-conjugated
mingen). The cells were analyzed on a FACScan (Becton-Dickinson).goat anti-rat immunoglobulin (Southern Biotechnology Associates)
APCs were gated out using both FSC/SSC parameters and redand with fluorescein isothiocyanate (FITC)±conjugated CD44 (Phar-
PKH26-GL fluorescence.mingen). I-Ad2, B2202, CD44lo cells were isolated by fluorescence-
activated cell sorting and used as a source of naive T cells. Effector
T cells were generated by stimulating naive T cells in vitro with Acknowledgments
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